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Extensive studies of the impact of temporal variations induced by people on the characteristics of indoor wideband channels are
reported. Singular Value Decomposition Prony algorithm has been used to compute the impulse response from measured channel
transfer functions. The high multipath resolution of the algorithm has allowed a detailed assessment of the shapes of individual
multipath clusters and their variation in time and space in indoor channels. Large- and small-scale analyses show that there is a
significant dependency of the channel response on room size. The presence of people in the channel has been found to induce both
signal enhancements and fading with short-term dynamic variations of up to 30 dB, depending on the number of people and their
positions within the room. A joint amplitude and time of arrival model has been used to successfully model measured impulse
response clusters.
1. Introduction
The rapid growth in the wireless communication market
has led to the need to study, understand, and model all
factors that can contribute to communication impairments.
More than ever before, there is a greater need to understand
fast variation in systems that are required to support an
ever increasing high data rate transmission. Wireless Local
Area Network (WLAN) system implementation has adopted
MIMO techniques to achieve higher spectral eﬃciencies,
throughput, and quality of service. The proposed overlay
of WLAN hotspots on cellular networks for high data rate
mobile services has galvanised interest within the research
community [1].
The limited bandwidth in the WLAN frequency bands
mandates a thorough understanding and exploitation of all
favourable propagation conditions for communication. This
requires the development and refinement of channel models
that could lead to the identification of channel characteristics
that can further be exploited to achieve better spectral eﬃ-
ciency through new system design techniques. The channel
model must incorporate both spatial and temporal channel
variations [2] so as to provide a comprehensive basis for
performance evaluation and comparison of time diversity
wireless communication systems, taking into account other
channel parameters.
Despite the availability of many spatial models in open
literature, few incorporate the short-term dynamic channel
fading. Research such as that performed by Chen and
Dubey [3] have incorporated temporary aspects into their
models, but this is usually limited to transceiver movement
rather than the movement of people in the channel. More
recently Gupta et al. [4] have investigated the eﬀect of
people movement on the channel response. They found
that the presence of people in the propagation channel
can increase channel capacity as well as reduce it. Their
research was very methodical and was not representative
of a typical working environment. Understanding the cor-
relation between the spatial, angular, and temporal vari-
ations could improve the evaluation of space-angle and
space-time systems [5]. Many reported models on impulse
response have adopted the statistical model proposed by
Saleh and Valenzuala [6]. The Saleh-Valenzuela model
assumes that multipath components arrive in clusters and
that the intercluster and intracluster arrival time can be
modelled as a Poisson process, and the amplitudes have an
exponential distribution. Diﬀerent extensions of this model
have been reported but the limited time-delay resolution
of most measurement systems used has meant that the
cluster shapes and models have not been examined in greater
detail.
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The objective of this paper is fourfold. Firstly, the
paper describes a comprehensive measurement and analysis
of indoor wideband channel at three distinct frequencies.
Secondly, large- and small-scale results and analysis of
signal variations within diﬀerent indoor environments are
presented to provide a more comprehensive representation
of path loss within the diﬀerent channels and their relation
to the room and its volume. Thirdly, a detailed analysis of the
dynamic temporal channel variation induced by the presence
of people within the channel is discussed. Fourthly, detailed
analysis of the impulse response within the indoor channel
is presented. Comparisons are made between the measured
data and predictions using Saleh-Valenzuela models. The
high time-delay resolution of the system used allows a more
comprehensive assessment of the structure of the delay
power profile and individual clusters. A joint amplitude and
delay probability density function is proposed as a means
to estimate the amplitude of impulses/clusters in any given
channel.
This paper is organised as follows. Section 2 describes
the measurement system, setup, environment, and the data
processing procedure used. Section 3 presents the results of
large-scale and small-scale spatial variations of signal power.
Results of more than two weeks of continuous measurements
to assess the impact of people on communication channels
are described in Section 4. The evaluation and modelling of
the delay power profile (DPP) and the individual clusters
are presented in Section 5. Finally, in Section 6 relevant
conclusions are drawn.
2. Indoor Measurement Setup and
Environment
The experimental campaign was conducted using a wide-
band channel sounder, the details, and design principles
of which are given in [7]. The channel sounder transmits
a 31.25MHz bandwidth rectangular spectrum at carrier
frequencies of 1.3 GHz, 2GHz, and 11.6GHz. Although
transmission is simultaneous, only one frequency is received
at any one time. A 30Hz channel sampling rate was used.
The transmitted power and the beamwidth of the directional
antennas used at the receivers are summarised in Table 1.
The transmitting antennas were all omnidirectional. Unless
otherwise specified, the transmitting and receiving antennas
were mounted at heights of 2m and 1.6m, respectively,
above the mean floor level. During all measurements, the
transmitter remained fixed in one position whilst the receiver
was moved from one measurement point to another. At each
position, a total of 512 channel responses were acquired.
Measurements were also conducted with omni-directional
receiving antennas at every position.
Figure 1 shows the plan of two floors in the building
(Anglesea) where measurements were taken. The building
structure is made of re-enforced concrete. The volumes of the
rooms and corridors where measurements were carried out
are given in Table 2. Corridors 1 and 2 have the same shape
and dimensions, but one wall of corridor 2 is lined withmetal
lockers.
Table 1: Beamwidths of antennas used.
Frequency
(GHz)
TX Power (dBm)
Receiving Antenna
Beamwidth
1.3 17 18◦
2 22 70◦
11.6 16 20◦
Singular Value Decomposition Prony (SVDP) algorithm
that improves multipath resolution by factors of up to 6
compared to the Fast Fourier Transform (FFT) has been
used to compute the impulse response from measured
channel transfer function [8]. Performance analysis showed
that SVDP has a time delay resolution of up to 5 ns for
a 31.25MHz bandwidth. The measured channel impulse
response (CIR) can be represented by (1). This describes each
k component as having a time delay τk , amplitude αk, and
phase θk. The time delay can be estimated if the length of the
propagation path is known. However, it is often modelled as
a Poisson process
h(t) =
N∑
k=0
αkδ(t − τk)e jθk . (1)
Overall, the channel was considered to be time invariant
during the measurement period (1ms) of each channel
transfer function. This assumption is considered to be valid
even in the presence of people in the channel. Furthermore,
results reported in [9] show that the coherence time of the
channel is greater than 1ms.
3. Path Loss and Small-Scale Variation
A number of models have been proposed for path loss, which
include the dual gradient model [10], the ITU-R model [11],
and the modified path loss (MPL) model [12]. The two latter
models are represented by (2). In these models, f is the
frequency (MHz), λ is the wavelength (in centimetres), d is
the distance from the transmitter to the receiver (in metres),
L f is the floor attenuation factor, n f is the number of floors,
and n is a fitted loss factor (in free space n = 2) [12, 13].
Examples of signal power variation with antenna separation
are shown in Figure 2. The values of n for the modified path
loss model were found to vary between 1.7 and 3, with a
mean of 2.4 and a standard deviation of 0.3. The MPL model
has been found to provide the best description of path loss
for the diﬀerent room sizes, shapes, and uses. The values of n
for the diﬀerent locations are summarized in Table 2:
LT = 20 log10 f + n log10d + n f L f − 28,
LT = 10n log10
(
4πd
λ
)
+ n f L f .
(2)
The results show that signal propagation along corridors
suﬀers less attenuation compared to propagation within
rooms. Despite the two corridors, 1 and 2, having the same
dimensions and layout, the diﬀerences in the values of n
(Table 2) emphasise the importance of taking into account
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Figure 1: Plan of (a) first floor and (b) second floor of Anglesea Building showing measurement locations.
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Figure 2: Signal power variation with distance at 1.3 GHz for measurements (a) within rooms and (b) along a corridor.
Table 2: Values of path loss exponent (n) for measurements in diﬀerent indoor environments.
Room Volume
1.3GHz
Omni-directional
1.3 GHz
Directional
2GHz
Omni-directional
2GHz
Directional
11.647GHz
Omni-directional
11.647GHz
Directional
Canteen 1054.48 2.79 2.57 2.62 2.22 2.69 2.47
A2.2 347.76 2.58 2.27 2.28 1.83 2.82 2.41
A2.9 250.92 2.64 2.35 2.49 2.11 2.49 2.24
Staﬀ room 238.82 2.9 2.67 2.7 2.15 3.01 2.68
A1.4 217.6 2.65 2.47 2.39 2.08 2.77 2.43
A2.4 199.37 3.02 2.76 2.66 2.3 3.12 2.72
A1.9 79.06 2.65 2.94 2.57 2.29 3 2.78
Corridor 1 >1000 2.49 2.25 2.3 1.98 2.52 2.23
Corridor 2 >1000 2.37 2.09 2.02 1.51 2.42 1.97
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Figure 3: Small-scale signal variation in (a) canteen (large room) (b) A2.4 (small room).
167.50
−7.5−16
3
2
1
0
−120
−110
−100
−90
−80
−70
−60
−50
Ti
m
e
(s
)
Frequency (MHz)
Po
w
er
(d
B
m
)
Figure 4: An example of frequency selective fading over time at
1.3GHz using directional antennas in a small room (3.6×3×7.32).
the material on the walls in path loss calculations. Path loss
in corridor 2 is smaller than free space loss at 2GHz and
11.6GHz when directional antennas are used at the receiver.
At 1.3 GHz, the average path loss is marginally greater than
free space loss. Narrow band path losses in corridors are
significantly influenced by frequency selective fading. This
is illustrated by the large variations at each measurement
position in Figure 2(b).
WLAN network planning requires knowledge of signal
attenuation by walls and floors, especially in a multifloor
building to determine coverage and spectrum utilisation.
This knowledge is also required for the planning of outdoor
to indoor (and vice versa) systems. In the building used,
the walls are built with standard concrete material re-
enforced by supporting pillars. To determine the wall and
floor attenuation values, measurements were conducted with
the transmitter and receiver on the same side and then
on opposite sides of the wall (floor). Measurements were
also conducted to determine additional signal loss when
the transmitter and receiver are placed in two diﬀerent
corridors that are perpendicular without LOS. The average
attenuation at the 3 frequencies and antenna types are
summarised in Table 3. The attenuations were computed for
both the modified path loss and the ITU-Rmodels. The floor
attenuation at 11.6 GHz could not be measured accurately
because the received signal levels were very close to the
noise floor of the experimental system. The results show that
higher attenuations are obtained with directional antenna.
This can be attributed to the fact that directional antennas
do not receive all the scatter power. Impulse response analysis
showed that there were no dominant multipath components
and the received signals were an aggregation of multiple
scattered components.
Indoors to outdoors (and vice versa) measurements
showed that the additional losses due to the walls were
22 dB, 33 dB, and 50 dB at 1.3, 2, and 11.6GHz, respectively.
The results confirmed that total attenuation depends on the
wall material, with rooms that have large windows showing
smaller losses.
The small-scale variation was computed by considering
every spectral line within the transmitted spectrum. This is
equivalent to narrow band fading and provides evidence of
signal variation across the band. In [14], small-scale fading
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Table 3: Fitted additional loss due to walls and floors (dB).
1.3 GHz 2GHz 11.6GHz
Omni-directional Directional Omni-directional Directional Omni-directional Directional
Floor MPL 33 40 40 58 — —
ITU-R 36 42 42 55 — —
Wall MPL 18 17 28 38 48 54
ITU-R 20 19 30 36 47 54
Corner MPL 20 13 27 25 47 50
ITU-R 24 15 29 22 48 51
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Figure 5: (a) Correlation between the number of people in the room and signal level at 2 GHz and (b) an image of the indoor environment
showing the view from the receiver position.
has been reported to be Rayleigh distributed but studies in
[15] at 10GHz showed that Nakagami distribution provided
the best fit to the measured data. Analysis of the measured
data showed that at 1.3, 2 and 11.6GHz small-scale fading
for LOS propagation is best described by Rice distribution
as shown in Figure 3. The computed Rice K-factor decreases
with increase in frequency.
The Nakagami probability density function is given by
(3) where x is the data and Ω is the scale parameter
equal to the mean value of x2, and m is the Nakagami
parameter. Rayleigh and Rice distributions are special cases
of the Nakagami distribution when the Nakagami parameter
(m) is 1 and greater than 1, respectively. The Rayleigh and
Rice probability density functions are given by (4) and (5),
respectively. This dependency on the value of m means that
the Nakagami distribution is likely to be seen as a much
more general model for environments where there are large
spatial changes in the amount of scattering from one position
to another. This is more likely to be the case at frequencies
greater than 10GHz than at lower frequencies,
p(x) = 2m
m
Γ(m)Ωm
x2m−1e−(m/Ω)x
2
, (3)
p(x) = x
σ2
e(−x
2/2σ2) for x ≥ 0, (4)
p(x) = x
σ2
e[−(x
2+a2pk)/2σ
2]I0
(
xapk
σ2
)
, (5)
where I0 is the modified Bessel function of the first kind and
zero order and apk is the peak amplitude of the dominant
signal component.
Figure 3 shows the fitting to the data measured in a large
room (canteen with a volume of 1054.48m3) and a small
room (A2.4 with a volume of 199.37m3). For large open
rooms, the received signal power can be modelled using
Rice distribution. In small size rooms multipath components
travel over relatively short distances and can have amplitudes
that are comparable to the LOS components. These result in
severe frequency selective fading as shown in Figure 4. Fade
depths of up to 40 dB have been measured in small rooms.
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Figure 6: Probability density function of small-scale variation at 1.3GHz (a) with people and (b) without people, in the room.
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Figure 7: An example of a measured delay power profile, showing
distinct clusters.
Greater frequency selective fading has also been obtained
with directional antennas.
4. Effect of People on Channel Response
Extensive measurements were conducted in a large computer
laboratory for time periods lasting more than 24 hours with
both omni- and directional antennas at the receiver. The
room was normally in use by students between 8:30 am and
9:00 pm. A video camera was mounted above the receiving
antenna and the video images were used to correlate the
measured signal levels with the number and positions of
people in the room. Figure 5(a) shows an example of the
correlation between the total number of people in the room
and the measured signal levels in the presence and absence
of people. Figure 5(b) shows an image of the room as seen
from the receiver. The superimposed signal chart measured
without people in the room was recorded at the weekend
when the building was empty. In the absence of people, the
channel still exhibits small variations. The room overlooks
a busy road and detailed evaluation of the data showed that
reflections from passing vehicles introduce small variations
in the signal levels.
There is a strong correlation between the received signal
power and the number of people in the room. The average
signal power varies about the reference level (when there
is nobody in the room). Intuitively it is expected that the
presence of people will result in the attenuation of the signal
due to shadowing of the LOS path. However periods of
sustained enhancements, for example, between 11:30 and
13:30 in Figure 5(a), were often observed at all frequencies.
Analysis of the video images and impulse responses showed
that these enhancements can be attributed to the scattering
of signal components towards the receiver by people standing
in the room. Deeper fades, up to 30 dB, were measured than
enhancements. Figure 6 shows an example of the distribution
of the small-scale signal variation in the presence and absence
of people in the room. Significant discrepancies between
the Rice K-factors obtained in the presence and absence
of people were observed. The values of the K-factor for
diﬀerent antenna types and frequencies are summarised in
Table 4.
5. Channel Impulse Response
All impulse responses measured in 4 s were superimposed
to obtain the delay power profile (DPP). The statistics of
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Figure 9: Probability distribution of (a) time of arrival (τ) and (b) amplitude (α) of multipath components.
the root mean square (RMS) delay spread were computed
from the DPP. A summary of the RMS delay spreads
from the diﬀerent locations is given in Table 5. RMS delay
spread is shown to decrease with room size (volume). These
results confirm the phenomenological explanation of signal
propagation within indoor channels. In general, lower values
of delay spread are obtained with directional antennas,
except for measurements at 1.3 GHz. This anomaly can be
explained by the fact those rooms have big windows, and
signal components reflected from outside the building were
received by the directional antenna. It is reported in [16]
that the number of significant multipath components for
31.25MHz bandwidth is approximately 6 or less. As the
rooms become smaller, the ability to resolve the multipath
components diminishes.
5.1. Impulse Response Modelling. The results have shown
that multipath components tend to form clusters, which has
been modelled using the Saleh-Valenzuela (SV) model [6].
To identify the clusters, the impulse responses measured at
each position were superimposed to obtain a single delay
power profile. The clustering eﬀect can be associated with
the building superstructure that includes the walls, the
8 International Journal of Antennas and Propagation
0 20 40 60 80 100
0
10
20
30
40
50
60
70
80
90
100
2
4
6
8
10
12
14
16
18
×10−4
τ
|α
|α
(a)
0 20 40 60 80 100
0
10
20
30
40
50
60
70
80
90
100
2
4
6
8
10
12
14
×10−4
τ
|α
|α
(b)
Figure 10: Dependency of joint amplitude and delay distributions on the shape factor: (a) r = 0.5 (b) r = 0.
Table 4: Rician k-factor for measurements conducted in the presence and absence of people.
Frequency GHz Antenna Presence of People Average k-factor (dB)
1.3
Omni-directional
With 6.3
Without 5.1
Directional
With 2.7
Without 49
2
Omni-directional
With 14.7
Without 49
Directional
With 5
Without 19.9
11.6
Omni-directional
With 4.1
Without 4.7
Directional
With 2.1
Without 4.7
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Figure 11: Example of the joint probability distribution of
amplitude and time of arrival (measured).
furniture, and the surrounding environment. The SV model
is represented by
β2kl = β2(0, 0)e−τl/Γe−τkl/γ, (6)
where βkl is the power of the lth multipath component (ray)
in the kth cluster, β2(0, 0) = β200 is the average power of the
first ray inside the first cluster and, Γ and γ are the power
decay constants of the clusters and rays, respectively. The
decay of the clusters and rays are modelled using exponential
functions
p(τl | τl−1) = Λmeane−Λmean(τl−τl−1),
p(τkl | τk−1) = λmeane−λmean(τkl−τk−1),
(7)
where λmean and Λmean are the arrival rates of the rays and
clusters, respectively.
The building surfaces (walls and floors) are assumed to
act as strong reflecting and scattering surfaces that give rise to
multipath components. In the analysis carried out, and from
previous studies using SVDP algorithm, each ray is assumed
to be a cluster of irresolvable multipath components. An
example of measured DPP is shown in Figure 7.
The average number of clusters obtained under LOS
conditions was 3. This number is smaller than reported in
International Journal of Antennas and Propagation 9
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Figure 12: Joint distribution of τ and α (a) measured and (b) estimated by model.
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Figure 13: 2GHz omni-directional antenna measurements with people (a) fitted, (b) measured responses.
[2] where a combination of a 120MHz bandwidth sounder
and a superresolution algorithm was used. The distribution
of the number of clusters identified in this study is consistent
with results reported in [6, 17].
Whilst there is a general agreement that the SVmodel can
be used in most cases, in some instances the fundamental
assumptions of the model was not supported by experi-
mental data; for example, when the amplitude of the first
cluster is smaller than that of the second cluster, as shown
in Figure 8(a). Thus the global decay profile of the DPP with
time does not fit the exponential distribution as specified in
the SV model. This has been found to depend on the receiver
position and the environment. A stronger secondary cluster
can be attributed to signals reflected from multiple walls or
surfaces that combine to give a more powerful cluster than
the LOS component. An example of measurement results
that conforms to the SV assumption is given in Figure 8(b).
The dotted lines (blue) represent the fitting of the SV model
to the clusters. Overall, the results show that the number of
clusters decreases with room size.
5.2. Joint Modelling of Amplitude and Delay of Multipath
Clusters. One of the main diﬃculties in the modelling of
channel impulse response (CIR) is to estimate the amplitude
of the signal component. If the CIR can be considered to be
described by (8), where k is the number of clusters and mk
is the number of impulses within the kth cluster, αjk and τjk
are the amplitude and time delay of the jth impulse in the
kth cluster, and n(tk+ jk ) is zero-mean Gaussian noise at time
k + jk; then from this model a matrix of the parameters,
α and τ can be obtained that fully describes the impulse
response of the channel
ρ(t) =
kmax∑
k=0
mk∑
jk
αjk s
(
tk − τjk
)
e jθjk + n
(
tk+ jk
)
. (8)
The amplitude (α) and delay (τ) can be described by prob-
ability distributions that can be estimated from measured
values. Using radio wave propagation principles, the time
delay of multipath components can easily be determined
for a given path length. However, the amplitude of each
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Table 5: Mean RMS delay spread (ns) in diﬀerent indoor channels.
Room Volume (m3)
1.3GHz 2GHz 11.6GHz
Omni-Directional Directional Omni-Directional Directional Omni-Directional Directional
Canteen 1054.5 33.3 34.9 26.2 25.3 39.2 40
A2.2 347.8 30 28 21.2 18 36.6 34.1
A2.9 250.9 23.7 21.8 21.4 20.8 21.8 16.3
Staﬀ room 238.8 24 28 15 9.6 26.3 20.3
A1.4 217.6 15.9 21.8 10 9 27.2 21.6
A2.4 199.4 18.9 22 12.1 12.5 29.5 22.8
A1.9 79.1 18.1 23.3 12.1 13.3 22.2 22.3
Corridor 1 >1000 30.7 28.8 18.8 16.7 45.9 47.5
Corridor 2 >1000 37 34 19.3 19.1 46.5 43
component cannot be easily estimated because it depends
on the total propagation path length, mode of signal
propagation, and the physical and electrical properties of the
objects within the channel. However, if the distribution of α
and τ can be jointly modelled, it will enable the amplitude of
a ray to be generated based on its time of arrival for a given
environment.
Figure 9 shows an example of a joint distribution of
experimentally obtained τ and α in an indoor environment.
It can be seen that the two parameters can be modelled using
normal probability density functions. If both amplitude
and time of arrival are normally distributed, then the joint
distribution of α and τ can be modelled using
f (α, τ)
= 1
2πσαστ
√
1− r2 e
×
{
1
2(1−r2)
((
τ−ητ
)2
σ2τ
−2r
(
τ−ητ
)(
α−ηα
)
σαστ
+
(
α−ηα
)2
σ2α
)}
,
(9)
where σα and στ are the standard deviations of α and τ,
and ηα and ητ are the mean values of α and τ, respectively.
The parameter r is the shape factor, which gives the angular
spread of the distribution of α and τ. The dependency of
the joint distribution on r is shown in Figure 10. The model
values of the shape factor (r) were found to be between −0.5
and 0.5 for all measurements. Figure 11 shows an example of
the joint distribution of the amplitudes and times of arrival
of three distinct clusters.
To evaluate the joint amplitude and delay distribution,
a data processing procedure was applied to the measured
data to identify all the clusters in the DPP. The identified
clusters were then used to evaluate the model. An example
of an extracted cluster and its estimate based on the model is
shown in Figure 12. Themodel has been applied tomeasured
data in both static and dynamic channels.
The discrepancies in the value of the probabilities
(heights of cluster) between the measured and fitted clusters
in Figure 12 can be attributed to the fact that the model
assumes a continuous distribution of power. However, some
bins within the extracted clusters have lower power because
of the high delay resolution used.
For all measurements, the standard deviation of the
amplitudes and time of arrival increased by a factor of 2 at
all frequencies when there were people within the channel.
Figure 13 shows an example of measured and modelled DPP.
6. Conclusions
Extensive measurement results at 1.3, 2, and 11.6GHz have
been reported. The Singular Value Decomposition Prony
algorithm that has been used to calculate the channel impulse
response from measured transfer function achieves time
delay resolution better than 5 ns for a 31.25MHz measure-
ment bandwidth. This high resolution has enabled a full
assessment of multipath cluster structure in indoor channels.
The use of a sounder with a larger bandwidth would provide
higher impulse response resolution that could be used to
identify subclusters. However, the resolution achieved in this
study has been considered suﬃcient to identify the influence
of structures with dimensions of approximately 1.5m. It has
been shown that the structure of the clusters depends on the
objects and surfaces in the environment.
Detailed analysis of indoormeasurements in the presence
of people has shown that temporal dynamic signal variations
of more than 20 dB are often observed. The signal variations
manifest as enhancement or fading, compared to levels
obtained in the absence of people. This is similar to the
results found in previous research [4]. Severe fading, up
to 40 dB, has been measured when there were people in
close proximity to the transmitting antenna in the LOS path.
Further analysis confirmed that the impact of people on
the channel characteristics depends more on their positions
rather than on the total number within the channel.
However, it has been found that the random scattering of
signal by people in the channel provides opportunities to
achieve high reception diversity gain.
A joint probability density function that can be used
to jointly model the amplitude and the time of arrival of
multipath components has been proposed. The proposed
model incorporates a scaling factor that determines the shape
of the multipath cluster. The proposed model can be used
International Journal of Antennas and Propagation 11
to simulate indoor channel response to evaluate current and
future wireless communication systems.
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